Cx26 hemichannels are opened by modest levels of CO2 (PCO2 55 mmHg) acting via a novel carbamylation mechanism to bias the hemichannel to the open state. In the hemichannel, CO2 nonenzymatically carbamylates Lys125, and the resulting carbamate forms a salt bridge to Arg104 of the neighbouring subunit. By contrast, similar modest levels of CO2 cause Cx26 gap junction closure.
Introduction
The canonical function of connexins is to form intercellular junctions between cells -gap junctionsthrough the docking of hexameric connexons in the opposing membrane of each cell. However, the individual connexons -known as hemichannels -can also function on their own (Stout et al., 2004; Weissman et al., 2004; Pearson et al., 2005; Huckstepp et al., 2010b) . Hemichannels act as plasma membrane channels, which in addition to mediating transmembrane ionic currents, also permit the transmembrane fluxes of small molecules such as ATP (Stout et al., 2002; Pearson et al., 2005; Kang et al., 2008; Huckstepp et al., 2010a) .
We have studied the hemichannels of connexin26 (Cx26) and found that these hemichannels are directly gated by CO2 (Huckstepp et al., 2010a; Meigh et al., 2013; Meigh et al., 2014) . CO2 opens the hemichannel and permits the efflux of ATP, which can act as a neurotransmitter. This is particularly important in the CO2 sensitive control of breathing, where Cx26 hemichannels in the medulla oblongata act as novel chemosensory transducers (Huckstepp et al., 2010a; Huckstepp and Dale, 2011) . The action of CO2 on Cx26 occurs via carbamylation of the residue K125. The carbamylated lysine forms a salt bridge to R104 of the neighbouring subunit. These intersubunit carbamate bridges lock the hemichannel in the open configuration (Meigh et al., 2013) .
Although the actions of CO2 on Cx26 hemichannels are well characterized, we have not studied the action of CO2 on Cx26 gap junctions. When the two connexons dock to form a complete gap junction, there is likely to be significant conformational rearrangement and constraint of the resulting dodecameric complex. Therefore, we cannot assume that CO2 will modulate a complete gap junction in the same way as a hemichannel. In this paper, we report the actions of CO2 on gap junctions formed between pairs of HeLa cells expressing Cx26. To our surprise we find that modest increases in CO2 close complete gap junctions, and that this is most likely a direct effect mediated through its binding to the same residues that result in the opening of the hemichannel. This result reinforces the need to develop further high-resolution structures for Cx26 hemichannels and gap junctions with and without CO2 bound.
Results
Our extensive prior studies on the parental HeLa cells show them to be devoid of Cx26, and of any other type of hemichannel. Furthermore, the parental HeLa cells exhibit no sensitivity to CO2 in a variety of assays to probe hemichannel function.
To study gap junctions, we made simultaneous whole cell recordings from isolated pairs of Cx26expressing HeLa cells that were in close contact. These cells had a high probability of being electrically coupled. On establishing whole cell recordings from each cell, the cells were clamped at a holding potential of -50 mV. We used a simple protocol of repeated 10 mV steps, alternating in each cell, to measure both the whole cell conductance of each cell and the junctional conductance between the cells (Figure 1) . In all the illustrations, the outward currents during the voltage steps are a measure of the whole cell conductance, and the inward currents during the voltage steps are proportional to the junctional conductance.
Cx26 Gap junctions are closed by CO2
After establishing stable recordings, we switched the extracellular medium from control saline (PCO2 35 mmHg), to a hypercapnic saline (PCO2 55 mmHg) at a constant extracellular pH of 7.5. In every case we found that the CO2 stimulus caused a reduction of junctional coupling ( Figure 2 ). In some cases, this was a partial effect and, in other cases, the Cx26 gap junctions were completely closed.
Overall the median change of the Cx26 gap junction conductance (from control to CO2 stimulus) was -5.6 nS (95% confidence limits -11.9 and -3.2 nS, n=29).
We also observed that the effect of CO2 was sometimes reversible (16/29 cases), and on other occasions irreversible within the duration of the whole cell recordings (13/29 cases, Figure 2 , Figure   2 , Supplement 1). After washout of CO2, and failure to reverse the reduction of the junctional conductance, the remaining junctional conductance was insensitive to further application of CO2 ( Figure 2 , Supplement 1). Gap junctions were occasionally observed between untransfected parental HeLa cells, but these displayed no sensitivity to CO2 (Figure 5a ).
We measured both the whole cell conductance and the junctional conductance. As the junctional conductance was reduced by CO2, we would also expect the whole cell conductance to reduce simultaneously, as the gap junction represents a current path out of the cell. We did indeed observe parallel reductions of the whole cell and junctional conductances ( Figure 2 ). However, in some cases the whole cell conductance did not reduce appreciably despite a reduction in the junctional conductance, suggesting that a parallel increase in whole cell conductance may have masked the expected reduction. This is most easily explained if the pairs of HeLa cells express both Cx26 hemichannels and gap junctions -the simultaneous opening of Cx26 hemichannels and closure of gap junctions would mask any reductions of net whole cell conductance. Indeed, in some cases (particularly in cells that had not been in vitro for more than one day) we saw simultaneously both an increase in whole cell conductance, and a loss of gap junction coupling (Figure 2 , Supplement 2). Interestingly, the CO2-dependent opening of the hemichannels was readily reversible, yet in the same cells the CO2-dependent closure of the gap junction did not reverse, suggesting a fundamental difference in the kinetics of modulation of hemichannels and gap junctions by CO2 ( Figure 2 , Supplement 2).
Our results lead to the surprising conclusion that CO2 has opposite effects on Cx26 gap junctions and hemichannels. Not only does CO2 close the gap junctions in contrast to opening the hemichannels, this closure of the gap junction appears to be less reversible, at least in some cases, than the modulation of the hemichannel.
Permeability to fluorescent dyes shows CO2-dependence
To verify our patch clamp results by a different method, we studied CO2-sensitivity of the permeation of a fluorescent glucose analogue (2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose, NBDG) through the gap junctions ( Figure 3a ). NBDG could readily permeate Cx26 gap junctions, but not the hemichannels (Figure 3 , supplement 1). Whole cell recordings were made from a single cell in a coupled pair or group. The patch electrode contained NBDG, and we measured the time it took for the dye to diffuse into a coupled cell and achieve 10% of the fluorescence intensity of the donor cell. We performed this assay under two conditions -starting in solutions with a PCO2 of 35 mmHg, and then in cells where the PCO2 started at 55 mmHg and was then swapped after 2 minutes to a PCO2 of 35 mmHg. In cells that started with a low PCO2 the NBDG permeated into the coupled cells rapidly (Figure 3 b,c). However, when the recording was initiated in saline with a PCO2 of 55 mmHg, there was little permeation during the period of high PCO2 and this only occurred once the PCO2 was reduced to 35 mmHg. As a result, the time taken for the fluorescence to reach 10% of the donor cell was much longer than when the recordings were initiated in low PCO2 (Figure 3c ).
CO2 acts directly on the gap junction
A reduction of pH is well known to close gap junctions. It is possible therefore that the closing effect of CO2 on the Cx26 gap junction is mediated by a reduction of intracellular pH. Our CO2 stimulus is "isohydric" -delivered at constant extracellular pH by reason of a simultaneous increase in extracellular HCO3 -. Under these conditions, although CO2 will enter the cell and cause acidification, the corrective extrusion of acid by the cell (mediated in large part by transporter mediated influx of HCO3 -) is enhanced, and any resulting acidification is only transient. As the closure of the gap junction was not transient, this hypothesis seemed unlikely. Nevertheless, we tested whether CO2 might act to close the gap junction via the same residues that are involved in hemichannel opening.
Cx31 is closely related to Cx26, however it lacks the carbamylation motif and its hemichannels are insensitive to CO2 (Meigh et al., 2013) . We made recordings from pairs of Cx31 expressing HeLa cells and found that neither the whole cell conductance, nor the gap junction conductance were altered by application of hypercapnic saline (Figure 4, 5a; change in conductance 0.07 nS, 95% confidence limits 0.44 and -0.29 nS, n=12). Given the close homology of Cx31 and Cx26, this suggests that any intracellular pH changes resulting from the application of hypercapnic saline are insufficient to alter the gap junction conductance.
The carbamylation of Lys125 is a key step for the CO2-dependent opening of the Cx26 hemichannel.
Mutation of this residue to Arg (Cx26 K125R ), completely removes the CO2 sensitivity of Cx26 hemichannels (Meigh et al., 2013) . This is because Arg is more basic than Lys and therefore cannot be carbamylated by CO2. We found that gap junctions formed between Cx26 K125R expressing HeLa cells were insensitive to CO2 (Figure 4,5a; change in conductance 0.01 nS, 95% confidence limits 0.2 and -0.06 nS, n=14). We used transfer of NBDG to verify that the K125R mutation abolished the CO2-dependent closing of Cx26. Our data showed that unlike wild type Cx26 gap junctions, CO2 made no difference to the rate of dye transfer between cells coupled via Cx26 K125R (Figure 5b ). We next tested whether the mutation R104A, which also removes CO2 sensitivity from Cx26 hemichannels (Meigh et al., 2013) , affected the CO2 sensitivity of Cx26 gap junctions. CO2 made no difference to the rate of dye transfer between cells coupled via Cx26 R104A (Figure 5b ).
Our results therefore suggest two important conclusions. Firstly, the action of CO2 in closing Cx26 gap junctions is a direct effect on the gap junction dodecamer, and not an indirect effect mediated via changes in intracellular pH. Secondly, the same residues and carbamate-bridging mechanism that triggers Cx26 hemichannels opening, also causes Cx26 gap junctions to close.
Elastic network modelling
Previous experimental data points to the importance of K125 and the formation of a salt bridge to R104 in the adjacent subunit in the role of CO2 in maintaining the Cx26 hexameric hemichannel in the open state. It is not clear from this finding why the dodecameric Cx26 gap junction would be closed by CO2. Previous work had used course-grained modelling to demonstrate a mechanism whereby CO2 constrains the Cx26 hemichannel in the open state (Meigh et al., 2013) . We therefore used further course-grained modelling to probe the difference in behaviour of the Cx26 hemichannel and gap junction. Course-grained modelling reduces protein atomistic complexity for efficient computational studies of harmonic protein dynamics and is particularly suited to examining channel opening over millisecond time scales (Sherwood et al., 2008) . In an Elastic Network Model (ENM) the Ca-atom co-ordinates of an atomic resolution structure are used to represent a protein structure.
Global protein harmonic motions within the ENM consists of a defined number of modes, each of a characteristic frequency and representing a particular harmonic motion within the protein. ENMs reproduce protein global low frequency modes well in comparison to experimental data (Delarue and Sanejouand, 2002; Valadie et al., 2003) . We therefore built coarse-grained ENMs (Tirion, 1996) to gain insight into the mechanism by which CO2 maintains the Cx26 hemichannel in the open state but the Cx26 gap junction in the closed state. ENMs were constructed using the co-ordinates from high-resolution crystal structures for the Cx26 hemichannel and gap junction in the CO2 unbound state. CO2 was represented in the ENMs by the inclusion of additional Hookean springs between residues K125 and R104 of neighbouring monomers in both the hemichannel and the gap junction (Meigh et al., 2013) .
We examined the similarities between eigenvectors for the Cx26 hemichannel and gap junction to To understand the differing roles of CO2 in the hemichannel and gap junction, we calculated a range of partially open and closed eigenvectors for both the hemichannel and the gap junction. We then calculated at each state, for both the hemichannel and gap junction, the free energy for CO2-binding and the influence of CO2 on the open/close eigenvector. This calculation provides a free energy for each state examined along the open/close eigenvector. Calculation of the free energy difference between the CO2-bound and unbound state provides information on the stability (binding energy of CO2 needed) for each state. In this case, the closer the value is to zero, the less energy needed to bind CO2 ( Figure 6C) . The x-axis of the Figure represents 
Discussion
The key result from our study is that Cx26 gap junctions and hemichannels are modulated in opposite manners by CO2. CO2 closes the gap junction but opens the hemichannel. Yet CO2 has these diametrically opposite actions on the two entities by interacting via the same residues, and therefore presumably through the same carbamate bridging mechanism.
Implications for structural biology of Cx26
The crystal structure of Cx26 shows the molecule in the form of a gap junction (Maeda et al., 2009 ).
The two connexons dock via interactions involving the two extracellular loops (E1 and E2) of each subunit. There are multiple hydrogen bonds formed between the opposing E1 and E2 loops of each connexon (Maeda et al., 2009 ). These give a tight interaction that is likely to alter and constrain the conformation of hemichannels docked in a gap junction versus undocked hemichannels. The opposing modulation of gap junctions and hemichannels by CO2 must presumably arise from the conformational differences between free versus docked hemichannels.
Our Elastic Network Modeling of the interaction of CO2 with Cx26 hemichannels uses the docked hemichannel from the gap junction as a model for the structure of the free hemichannel (Meigh et al., 2013) . This model allowed us to propose a plausible gating mechanism for CO2-dependent opening of the hemichannel, which we have supported with extensive mutational analysis (Meigh et al., 2013) . We exploited this knowledge to introduce novel gating mechanisms via the same intersubunit interactions by mutating Lys125 to Cys (Meigh et al., 2015) . This made the hemichannel NO-sensitive, via nitrosylation of the Cys125 and interaction with Arg104 of the neighbouring subunit.
The double mutation -K125C, R104C -made the hemichannel redox sensitive (via redox modulation of disulfide bridges between subunits) (Meigh et al., 2015) . The mutated residues in these Cx26 variants are some considerable distance apart -far further than the short distances normally required for the ionic and covalent interactions between the respective residues. That these mutations were nevertheless effective at changing the gating of Cx26 implies considerable flexibility of the hemichannel that can bring apparently distant residues close enough to interact (Meigh et al., 2015) .
Despite this success in using a half gap junction as a model for the free hemichannel, the results in this study suggest the need for considerable caution in any future structural modeling of hemichannels. Not only may the isolated hemichannel be far more flexible than a hemichannel that is part of a gap junction, but it may also have a substantially different conformation. New structures of Cx26 hemichannels and gap junctions are therefore needed to probe their conformational differences, and provide firm mechanistic understanding of the differential modulation of hemichannels and gap junctions by CO2.
Reversibility
The closure of the Cx26 gap junction appears to be less reversible than the opening of Cx26 hemichannels. There are 6 potential binding sites for CO2 in the Cx26 hemichannel. The Hill coefficient for the effect of CO2 on the hemichannel has been estimated between 4-6 (Huckstepp et al., 2010a; de Wolf et al., 2017) , suggesting that several CO2 molecules may be required to bind to open the hemichannel. For the complete gap junction there are 12 possible binding sites for CO2.
While we do not know how many molecules of CO2 need to bind to close Cx26 gap junctions, or whether there might be cooperativity involved in CO2 binding, it is possible that if all 12 binding sites were occupied, the resulting structure might be in a relatively stable closed configuration that would require significant time to reverse.
Physiological implications
As Cx26 exists both as gap junctions and hemichannels, our findings have substantial physiological significance. In the context of breathing, Cx26 hemichannels are important and we have already explored their significance for chemosensory control (Huckstepp et al., 2010b) . However, there are reports of gap junctions in various nuclei implicated in the control of breathing (Dean et al., 2002; Solomon et al., 2003) . CO2-dependent uncoupling of Cx26 gap junctions between cells may therefore be an additional mechanism that contributes to chemosensory control.
The supporting cells of the organ of corti in the cochlea have both functional Cx26 gap junctions and hemichannels: they are coupled by Cx26 gap junctions; and can also release ATP via Cx26 hemichannels (Zhao, 2005; Zhao and Yu, 2006; Majumder et al., 2010; Mammano, 2013; Zhu et al., 2013; Zhu et al., 2015) . Cx26 gap junctions are a pathway for diffusion of K + between the fibrocytes, basal cells and intermediate cells of the stria vascularis (Wangemann, 2006) and have been proposed to form part of the pathway that recycles K + away from the hair cells, although this has been disputed (Zhao, 2017) . Mutations of Cx26 are the commonest genetic cause of sensorineural hearing loss (Xu and Nicholson, 2013) . Genetic deletion of Cx26 reduces the endocochlear potential by about half (Chen et al., 2014) . Interestingly, the endolymph has a raised level of HCO3 -, yet a pH of 7.5 indicating that PCO2 of endolymph must be elevated (Wangemann, 2006) . Furthermore, the stria vascularis, which creates the K + rich endolymph and the endocochlear potential essential for hearing, has a high energetic requirement (Marcus et al., 1978) , and will thus be a strong local source of CO2. We note that Cx30 and Cx31 gap junctions are also present in the cochlea (Wangemann, 2006) . As Cx30 possesses the carbamylation motif, these gap junctions are likely to be CO2sensitive. Cx31 lacks the motif and these gap junctions are insensitive to CO2 (Figure 4) . It is therefore possible that some of the gap junction communication between the supporting cells and within the stria vascularis could be modulated by changes in PCO2 and that this in turn could alter the sensitivity of hearing. However, this hypothesis would need to be directly tested.
More generally, we further speculate that if a single cell in a coupled network were to be excessively metabolically active, it would act as a sink for metabolites such as ATP, glucose or lactate from the coupled cells. As the metabolically active cell would produce more CO2 this could be a self-regulating mechanism to dampen down that activity by uncoupling the cell from the network and reducing the supply of metabolites.
Methods

HeLa cell culture and transfection
HeLa Ohio (ECACC) cells were grown in EMEM supplemented with 1% non-essential amino acids, 10% fetal bovine serum, 50 μg/mL penicillin/streptomycin and 3 mM CaCl2. For microscopy and dye loading experiments, cells were plated onto coverslips at a density of 1 x 10 5 cells per well of a 6well plate. The cells were transiently transfected with Cx26 constructs containing a fluorescent marker, mCherry (1 μg) as described in the GeneJuice Transfection Reagent protocol (Merck Millipore).
Solutions used
Standard aCSF: 124 mM NaCl, 3 mM KCl, 2 mM CaCl2, 26 mM NaHCO3, 1.25 mM NaH2PO4, 1 mM MgSO4, 10 mM D-glucose saturated with 95% O2/5% CO2, pH 7.5, PCO2 35 mmHg.
Hypercapnic aCSF: 100 mM NaCl, 3 mM KCl, 2 mM CaCl2, 50 mM NaHCO3, 1.25 mM NaH2PO4, 1 mM MgSO4, 10 mM D-glucose, saturated with 9% CO2 (with the balance being O2) to give a pH of 7.5 and a PCO2 of 55 mmHg respectively.
Patch Clamp recordings
Cover slips containing non-confluent cells were placed into a perfusion chamber at room temperature in sterile filtered standard aCSF. Standard patch clamp techniques were used to make whole-cell recordings from either single HeLa cells or pairs of HeLa cells. The intracellular fluid in the patch pipettes contained: K-gluconate 120 mM, CsCl 10 mM, TEACl 10 mM, EGTA 10 mM, ATP 3 mM, MgCl2 1 mM, CaCl2 1 mM, sterile filtered, pH adjusted to 7.2 with KOH. All whole-cell recordings were performed at a holding potential of -50 mV with regular steps of 5 s to -50 mV to assess whole-cell conductance.
Cx26 mutants
The mutations used in this study were introduced into the Cx26 gene via the QuikChange method and have been described previously (Meigh et al., 2013) .
Imaging assay of gap junction transfer
2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose, NBDG, was included at 200 µM in the patch recording fluid which was either the same as above or had lowered EGTA concentration (5mM). Cells were imaged on a Cleverscope (MCI Neuroscience) with a Photometrics Prime camera under the control of Micromanager 1.4 software. LED illumination (Cairn Research) and an image splitter (Optosplit, Cairn Research) allowed simultaneous imaging of the mCherry tagged Cx26 subunits and the diffusion of the NBDG into and between cells. Following breakthrough of the patch pipette to establish the whole cell mode, images were collected every 10 seconds.
Elastic network modelling
Elastic network model (ENM) simulations were performed based on the regular implementation using PDB file 2ZW3, where all the Cα atoms in the protein within a given cut-off radius (8 Å) were joined with simple Hookean springs (Tirion, 1996; Rodgers et al., 2013a) . The spring constants were set to a constant value of 1 kcal mol −1 Å −2 . The presence of CO2 was represented in the ENM by the inclusion of an additional Hookean spring between residues K125 and R104 of each set of neighbouring monomers, following the same procedure previously used for ligand binding (Rodgers et al., 2013b) . The mass-weighted second derivatives of this potential energy matrix were diagonalised to produce eigenvectors, e, which are the normal modes, and eigenvalues which are the squares of the associated frequencies, ω, and can be used to calculate the free energy of each mode.
The first six modes, that is the lowest frequency modes, represent the solid body translational and rotational motions of the protein and are thus ignored from the analysis. The overlap of the modes in the unbound and CO2 bound states were calculated by comparison of the eigenvectors (Rodgers et al., 2013a) . A value of 1 indicates that the motions are identical whereas a value of 0 indicates that the motions are completely different.
Statistical analysis
Statistical analysis was performed with the R language. Data has been plotted as box and whisker plots, with individual points superimposed, where the box is interquartile rage, bar is median, and whisker extends to most extreme data point that is no more than 1.5 times the interquartile range. However, at the same time the gap junction between the cells (inward currents during voltage steps) was blocked by CO2. Note that the effect of CO2 on the hemichannels reversed, but the blockade of the gap junction showed no reversal within the time course of the experiment. reversible increase in whole cell conductance, but no loss of fluorescence was seen from the cellinstead there was continued loading of NBDG from the patch pipette into the cell. From 6 isolated cells the mean change in normalized NBDG fluorescence evoked by an increase in PCO2 was 0.03 ± 0.045 (mean ± SD, n=6). NBDG therefore does not appear to permeate the Cx26 hemichannel as a fall in fluorescence would have been expected when the hemichannel opened (as indicated by the increase in whole cell conductance). Cx31 gap junctions, which lack the carbamylation motif) are insensitive to CO2. The mutation K125R which prevents carbamylation also removes CO2 sensitivity of the gap junction. (Meigh et al., 2013) . b) The main open-close mode in the 12mer (gap junction) in the absence of CO2 (mode 10) is reordered to mode 24 (green square) in the presence of CO2. CO2 thus reduces the contribution of this mode to the total motion of the molecule, but it is not possible to state whether the gap junction is predominantly in the closed or open state from this analysis alone. c) For a range of partially open and closed eigenvectors for both the 6mer and the 12mer, we then calculated the change in free energy on CO2-binding and thus the influence of CO2 on the open/closed eigenvector. The closer the free energy value is to zero, the less energy needed to bind CO2. The x-axis represents trajectory along the open/closed eigenvector going from fully open to fully closed. The y-axis represents the free energy for binding CO2 where the higher the value the less preferable is CO2-binding. For the 6mer, CO2-binding is less energetically favourable in the closed state, whereas for the 12mer CO2-binding is favoured in the closed state.
